We have analysed 202 seismograms recorded at 10 seismic stations in the northeast (NE) India region to infer the frequency-dependent attenuation characteristics of both P and S waves, in the frequency range from 1.5 to 24 Hz and in the distance range from 30 to 100 km. We used extended coda-normalization method to determine the attenuation of P wave (Q 
There are very few studies concerning the attenuation of highfrequency seismic waves in northeast India. Hazarika et al. (2009) studied attenuation of coda waves in 1-18 Hz by applying the single isotropic scattering method of Sato (1977) to local earthquakes. Recently, Padhy & Subhadra (2010) studied attenuation of highfrequency S and coda waves for events recorded at larger distances up to 300 km adopting both single as well as multiple scattering model. They discussed how the Q estimates are overestimated by neglecting the effect of multiple scattering at large distances. However, in these studies, the frequency-dependent nature of Q −1 P was not resolved. The objective of this study is to extend our knowledge on the seismic attenuation in the study area by estimating attenuation of P and S waves by extending the coda normalization method of Aki (1980) for P waves in the study region using local earthquakes recorded within hypocentral distance of 100 km in NE India. The study area suffers from intense earthquake activity and is among the most deforming regions in India. Knowledge of short period body wave attenuation in the Earth's crust in such complex tectonic setting is essential both to seismic hazard analysis and to source studies. It also provides the means to infer the material and physical conditions in the Earth's interior.
G E O L O G I C A L A N D T E C T O N I C S E T T I N G
Northeast India is seismically one of the most active intracontinental regions of the world. It lies at the junction of Himalayan arc to the north and Burmese arc to the east. The earthquakes in the Himalayan arc are related to collision tectonics and are correlated with the known regional thrusts, the Main Boundary Thrust (MBT) and the Main Central Thrust (MCT) (Fig. 1) . The earthquakes in the Burmese arc, on the other hand, are related to subduction tectonics where normal, thrust and strike-slip faulting are reported (Kumar & Rao 1995; Kayal 1996; Biswas & Majumdar 1997) . The Indo-Burmese ranges located in the northeastern part of the Indian Plate are a product of the convergence of the Indian and Burmese plates. The Indo-Burma subduction zone represents subduction of the Indian lithosphere below Indo-Burma ranges (Satyabala 1998). Santo (1969) was the first to identify an inclined seismic zone up to 200 km depth beneath the Indo-Burmese convergence zone (IBCZ). Mitchell & McKerrow (1975) ascribed the evolution of the Burmese arc to a process of eastward subduction of the Indian plate at the Asian continental margin from at least Late Cretaceous. The region has experienced 18 large earthquakes (M ≥ 7) during the last 100 years, including the great earthquakes of 1897 (M 8.7) Shillong (Oldham 1899) and 1950 (M 8.7) Assam-Tibet border (Tandon 1955) . Khattri & Weiss (1978) and Khattri (1987 Khattri ( , 1993 identified a seismic gap region called as Assam Gap in the northeast between the epicentres of 1897 and 1950 earthquakes. A major earthquake may be expected in this gap in the near future, and hence the NE India and adjacent areas are highly vulnerable to earthquake hazards. The major tectonic features of the region comprise of (i) the eastern Himalaya, (ii) Himalayan fore-deep, (iii) the elevated Shillong Plateau (SP) and its northeastern extension in the Mikir Hills and (iv) Indo-Burma convergence zone. The E-W trending Dauki fault separates the Shillong Plateau to the north and the Bengal basin to the south, and the NW trending Kopili fault separates the Shillong Plateau and the Mikir Hills (Fig. 1) .
The basement rocks of Shillong Plateau are mainly made up of Precambrian gneiss except towards its southern part where the gneisses are overlain by quartzites, grits and slates belonging to the Shillong Series of Precambrian age (Evans 1964) . These crystalline basement rocks are thought to be as an outlying portion of the Peninsular India. The crystalline rocks are almost completely surrounded by Tertiary sedimentary rocks and Quaternary sediments of the Bengal basin to the south, of the Assam valley to the northeast and of the Bramhaputra valley to the north (Mitchell 1981) . A detailed geology of the area is given by Nandy (2001).
M E T H O D

The extended coda-normalization method
In coda-normalization method (Aki 1980) , the spectral amplitude of S waves by that of coda waves measured at a fixed lapse time to estimate the attenuation of S waves Q −1 S by removing the effects of source and site. Yoshimoto et al. (1993) extended the conventional coda-normalization method (Aki 1980) to compute Q −1 P for P waves for Kanto, Japan.
Based on the aforementioned extended coda normalization method, Q −1 P and Q −1 S can be obtained from the slopes of the following equations.
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where A P (f , r) and A S (f , r) and are the spectral amplitude of direct P and S waves at distance r, A C (f , t C ) is coda spectral amplitude at 1054 S. Padhy and N. Subhadra lapse time t C , Q P and Q S are the quality factors of P and S waves, respectively; V P and V S are the average P and S wave velocities, respectively; and C P and C S are the constants derived from the coda-excitation factor that includes the scattering characteristics of the Earth medium. The symbol r± r denotes the average within a small hypocentral distance range of r ± r . By using many events at different azimuths, the effects of source radiation pattern are considered negligible (Aki 1980) . The parameters Q −1
S were obtained from the slopes of robust regression based on L 1 norm minimization of eqs (1) and (2), respectively, which uses an iteratively reweighted least squares algorithm (Holland & Welsch 1977) to estimate the regression coefficients. Fig. 2 shows the N-S component seismogram recorded at station TZR with time-windows for P, S and coda waves used for the computation of Q −1
The P-wave analysis was based on vertical (Z) component seismograms, and the S-wave analysis was based on N-S component seismograms. The coda-spectral amplitude, A C ( f, t C ) was derived from RMS amplitude for the time window of 5 s centred at t C = 60 s measured from the earthquake origin time (Fig. 2) . Only RMS amplitudes higher than twice the noise level were considered for coda analysis. Narrowing the S-wave window excludes the possibility of later phases reflected from the Moho. Assuming that the signal and noise are statistically independent and that the noise is stationary, the RMS of noise power spectrum amplitude sampled over a 5 s window prior to the P-wave arrival were subtracted from the spectral amplitudes of P, S and coda waves. The data points are less scattered and hence the errors in the estimation of Q −1 are relatively less after noise reduction (Figs 3a and b) than those before noise reduction (Figs 4a and b) . It shows that the subtraction of noise power spectra improves the linearity between the hypocentral distances and the LHS of eqs (1) for P wave (Fig. 3a) and eq. (2) for S wave (Fig. 3b ) and hence dependence of Q −1 . The values of Q −1 obtained before noise reduction are less than those after noise reduction. The data with signal power spectra of less than twice the noise power spectra were discarded.
DATA ANALYSIS
The data set used in this study consists of 202 high-quality three-component broadband seismograms from local earthquakes recorded by a temporary network of 10 seismic stations in NE India between March 2001 and April 2007. The seismic stations and the epicentral distribution of earthquakes used in this study are shown in Fig. 1 . These stations recorded data in continuous mode with sampling rate of 100 Hz, and are equipped with GPS timing and 24-bit digitizer. The network of stations is operated by National Geophysical Research Institute (NGRI), Hyderabad. The data set, used to estimate the attenuation of P and S waves, was selected on the basis of (i) signal-to-noise ratio greater than two for P and S waves and coda wave windows at all frequency bands, and (ii) the decay of the coda shape which need to be uniform. The focal depths of the analysed events are 10-54 km. The hypocentral distances of the events range from 30 to 100 km. The events selected have the local magnitude ranging between 2.6 and 5. of 10 per cent of the full time length. Then the seismograms were filtered by using a phase-less four-pole Butterworth bandpass filter with octave frequency bands centred at 1.5, 3, 6, 12 and 24 Hz. To evaluate Q −1 P and Q −1 S , the spectral amplitude of direct P-and Swave arrivals, A P (f , r) and A S (f, r) were measured from vertical (Z) and north-south (N-S) components of seismograms, respectively. We measured the coda spectral amplitude A C (f, t C ) from the RMS amplitude for the time window of 5 s centred at fixed reference time t C = 60 s measured from the earthquake origin time using the same component of arrivals analysed for coda-normalization for each frequency band. These observed values were substituted into eqs (1) and (2) to obtain Q −1 P and Q −1 S from the gradients of robust regression based on L 1 norm minimization, respectively. In reference to the velocity model (Gupta et al. 1984) , V P = 6 km s −1 and V S = 3.5 km s −1 for the study area. The regression lines indicate a decrease in apparent attenuation with increasing frequency.
One major assumption in the derivation of eqs (1) and (2) is that averaging over a number of P and S waves from events at different azimuths in a particular distance range diminishes the effect of the source radiation pattern (Aki 1980) . To reduce the effect of source radiation on Q −1 estimates, we selected available data possible to guarantee the random distribution around receivers.
The data from different stations can be combined in a single plot of eqs (1) (Fig. 3a) and (2) (Fig. 3b) to see if the coda decay is similar among the different stations assuming coda as a spatially homogeneous pool of seismic energy (Kim et al. 2004) . Frankel et al. (1990) and Chung & Lee (2003) used scarce data obtained by combining stations separated by up to 300 km. Our stations are distributed within a range of about 100 km and show a similar shape of the coda decay. Fig. 5 shows the whole envelope from S-wave onset at six stations for one event to prove that the coda converges at late times.
R E S U LT S A N D D I S C U S S I O N S
We found that both Q S for the study area show frequency dependence that decrease from (25.5 ± 10.0) × 10 −3 and (9.7 ± 3.9) × 10 −3 at 1.5 Hz to (1.6 ± 0.5) × 10 −3 and (0.7 ± 0.2) × 10 −3 at 24 Hz, respectively. The obtained values of Q S , which are strongly frequency dependent. Their frequency dependencies indicate that the attenuation at high frequencies is less pronounced than at lower frequencies. This is a characteristic of tectonically active zones having complex structures.
Here we have tried to investigate the available geophysical evidences related to the presence of structural heterogeneities that may explain the observed attenuation in the study area. First, the high attenuation in the study area might be associated with the present tectonics, which is attributed to the ongoing underthrusting of the eastern Indian Plate beneath the Eurasian Plate (Molnar & Tapponnier 1975; Nandy & Dasgupta 1991) . Radha Krishna & Sanu (2000) found a N-S compression of 18.9 ± 2.5 mm yr
and an E-W extension of 17.1 ± 2.2 mm yr −1 in the Shillong Plateau region and a compression of 0.19 ± 0.02 mm yr −1 along 11
• N and an extension of 0.17 ± 0.01 mm yr −1 along 101
• N in the Naga hills region. Secondly, Bhattacharya et al. (2002) found high b-value with an average value around unity and high fractal dimension (1.10 < D < 1.85) associated with the seismogenic structures along the Kopili Fault, Shillong Plateau and the IndoBurma ranges in NE India. They showed that the high D values along the Kopili Fault (1.65 < D < 1.85) are due to the heterogeneous transverse structure, whereas that in the Indo-Burma ranges (1.7 < D < 1.8) are due to greater stress concentration due to bending of the subducting Indian Plate as well as external forces due to overriding Burmese Plate in this zone. The high b-values possibly accounts for higher heterogeneity or may indicate the presence of low strength rocks in the crust that invariably undergo brittle failure at lower stress level (Lowrie 1997; Wason et al. 2002; Khan 2003) . Thirdly, strong lateral heterogeneities in crustal structures owing to the tectonic complexity may also result high attenuation in the area. Kumar et al. (2004) found lateral variation in the crustal structure from teleseismic receiver functions in NE India region. For instance, the Shillong plateau and Mikir hills, away from the convergent margins, are characterized by remarkably simple crust with thickness (∼35 km) and Poisson's ratio (∼0.25); Shillong Plateau is characterized by thin crust indicating the presence of an uncompensated crust that popped up in response to tectonic forces, and Assam valley characterized by a thicker crust and higher Poisson's ratio with evidences for a dipping Moho. They found that the crust is much thicker and complicated in the eastern Himalaya further north, with values in excess of 50 km. Such complex tectonic structure is also evident partly from the Bouguer gravity anomaly over the Shillong Plateau, which reveals a steep gradient towards the south that gradually gentle towards north (Verma & Mukhopadhyay 1977) .
In addition, Bhattacharya et al. (2008) showed, from tomographic imaging of the P-wave velocity (V P ) structure in NE India, strong heterogeneity in lateral as well as in vertical direction corresponding to the local and regional geology/tectonics of the region to 1058 S. Padhy and N. Subhadra (Campillo & Plantet 1991) ; Kanto, Japan (Yoshimoto et al. 1993) ; Mt. Etna (Patane et al. 1994) ; Northern Greece (Hatzidimitriou 1995); Southeastern South Korea (Chung & Sato 2001) ; Central South Korea (Kim et al. 2004); Baoshan, China (Qin-cai et al. 2005) ; South eastern Sicily, Italy, (Giampiccolo et al. 2003 for Q (Bindi et al. 2006) ; Koyna, India (Sharma et al. 2007) ; NE Sonora, Mexico (Castro et al. 2008); east central Iran (Ma'hood et al. 2009); Cairo, Egypt (Abdel-Fattah 2009) and Garhwal Himalaya (Padhy 2009a 
1.5 (25.5 ± 10.0) × 10 −3 (9.7 ± 3.9) × 10 −3 2.41 3 (10.8 ± 4.0) × 10 −3 (5.2 ± 2.0) × 10 −3 2.37 6 ( 6 . 4 ± 2.3) × 10 −3 (2.8 ± 0.9) × 10 −3 2.34 12 (3.5 ± 1.2) × 10 −3 (1.5 ± 0.5) × 10 −3 2.31 24 (1.6 ± 0.5) × 10 −3 (0.7 ± 0.2) × 10 −3 2.28 explain high attenuation. They found high V P beneath the Shillong Plateau-Mikir hills and in the vicinity of Indo-Burma ranges at shallower crust (<10 km) suggesting dense crystalline rocks under compressional stress. The Bengal basin, south of the Shillong Plateau, is identified as a low V P zone extending down to a depth of about 20 km, that indicates the thick alluvium sediments. For NE India, we found that Q −1
S by a factor of 2.3 in the analysed frequency range. This estimate is little smaller than the theoretically predicted ratio of 2.41 at high-frequency limit (Sato 1984) .
Regional attenuation characteristics
Here we compare our results of Q S are compared with the previous estimates in the same region by Padhy & Subhadra (2010) considering both single and multiple scattering models. They have shown that for larger distances, the Q estimates are overestimated by neglecting multiple scattering. Such depth dependency of attenuation is expected because the seismic waves propagating over longer distances sample the Earth medium to greater depths. This is consistent with our findings, where Q −1 S obtained in this study is less than the previous estimates. Such a discrepancy is expected because the earthquakes used in the previous study were both local as well as regional covering larger hypocentral distances up to 300 km, while this study considers only local earthquakes within 100 km distance. The coda waves at a lapse time of 60 s sample a volume with a radius of about 100 km. At such distances, the seismograms exhibit dominant Sg phase, which carries information of the crust. At such distances, we expect either direct S waves travelling in the crust or S waves that have been reflected from interfaces within the crust. However, for larger epicentral distances the shear-wave energy is thought to be dominated by S waves that are critically reflected at the crust-mantle boundary (Bouchon 1982; Kennett 1985) . In view of the above findings, the results of attenuation obtained in this study therefore represent attenuation in the crust.
C O N C L U S I O N S
Seismic wave attenuation in NE India was estimated using direct P and S waves for 10 seismic stations in the frequency range of 1.5-24 Hz. Results show that both Q S correspond to seismically active areas with complex tectonics due to the ongoing underthrusting of the eastern Indian Plate beneath the Eurasian Plate that is manifested by the region's high seismicity. The observed findings are similar to other seismically active areas like Kanto (Japan), Bhuj (India), Koyna (India), Cairo (Egypt), northeast Sonora (Mexico), Garhwal Himalaya, Greece, east central Iran, northeast Iran, Hellenic arc and Baoshan (China). The observed high attenuation is mainly attributed to high degree of heterogeneity in the crust beneath the study area.
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